The motion of the meniscus relaxation in polyðn-alkyl acrylateÞ (PA) liquid is slowed down considerably on cooling the liquid at temperatures where there are no abrupt changes in bulk viscosity or surface tension. This abrupt dynamic transition, at temperatures much higher than the bulk melting temperatures, cannot be explained by the traditional formalism used to describe the motion of liquid drops on solid surfaces. Typically, the spreading process of a liquid is divided into three regimes (based on the nomenclature by de Gennes [1] ); flow in a macroscopic wedge, precursor film ahead of the wedge, and real contact line with the substrate [1] [2] [3] [4] [5] [6] . The parameters such as viscosity, surface tension, and spreading coefficient determine the dynamics of spreading.
In this Letter, we have identified that the slowing down of the meniscus flow is due to the formation of an ordered monolayer on the surface of the PA melt. This 29 Å thick ordered monolayer on top of a disordered melt, measured using x-ray reflectivity, consists of all-trans hydrophobic alkyl side chains that undergo a first order-to-disorder transition at temperatures (T s ) 10-20 K above bulk melting temperature (T m ) [7] [8] [9] [10] . The ordered layer slows down the capillary fluctuations, measured using x-ray photon correlation spectroscopy (XPCS), and has profound implications on the motion of the precursor film below T s . It is intriguing that a 29 Å thin surface layer has such a dramatic influence on the dynamics of macroscopic contact line and has important technological implications in coating these materials at high speed and temperature above T m .
Poly [9] . The T s values were measured using multiple techniques and did not depend on the range of film thickness investigated in this study [11] . The polymers were synthesized using melt polymerization and had a M n % 15 000 g=mol and polydispersity (PD) of %10. Meniscus relaxation experiments were performed using a Wilhelmy force balance and a thin platinum (Pt) wire of nominal diameter 0.5 mm (the actual diameter, 2r 0 ¼ 0:53 mm was calibrated using heptane). To avoid complications due to inertia, we have used conditions corresponding to low Bond numbers (B 0 % 0:15 < 1 [12] ). Pt wire was cleaned using a flame torch just before starting the experiment. The experiments were also performed with a polystyrene (PS, M n ¼ 1:03 Â 10 5 g=mol, PD ¼ 1:06, Polymer Source Inc.) coated Pt wire and a glass wire (diameter ¼ 0:46 mm). We have conducted confirmatory experiments with polymers not exhibiting the surface freezing effect, polydimethylsiloxane (PDMS, M n ¼ 2:0 Â 10 4 g=mol, PD % 6, Gelest Inc.). The polymer was placed in a temperature-regulated cell having a relative accuracy of 0.025 K and an absolute accuracy of 0.5 K. The wire was dipped into the polymer melt at a speed of 0:15 m= sec and was stopped %300 m inside the polymer melt. The force was measured as a function of time (time ¼ 0 at instance when the wire became stationary). The time resolution in our force experiments is %1 sec . Static surface tension ½ ¼ ðequilibrium force-buoyancy forceÞ=ðwire perimeterÞ was measured by scanning the temperature at the rate of 0:1 K= min in steps of 0.2 K. The large surface energy of Pt metal ensures the equilibrium contact angle ( 0 ) of the polymer to be % 0 . The error in absolute measurements is AE0:5 mN=m.
The XPCS measurements were performed at the Advanced Photon Source (beam line 8-ID-I) at Argonne National Laboratory, using a synchrotron x-ray beam having energy of 7.35 keV. Thin films on silicon wafer for x-ray experiments were prepared by spin coating the polymer solution in toluene and subsequently annealing for overnight at 10 K above T s . The thickness (h) of the films were measured using x-ray reflectivity. The incident angle of the beam was set at 0.14 (less than the critical angle for the total external reflection, 0.17 ), to restrict the penetra-
tion depth of x-ray into the sample below the film thickness. The scattered intensity from the sample surface is collected using a direct-illumination CCD camera. Images taken at increasing time delays were analyzed to obtain the intensity autocorrelation function (g 2 ) as a function of the wave vector transfer parallel to the sample surface (q k ). To confirm that there was no radiation damage, the data were only analyzed if the x-ray reflectivity measurements showed no differences before and after the XPCS measurements and we confirmed that the g 2 's analyzed using different range of CCD images from a single set were identical.
The force relaxations for C18 and C22 above and below T s are shown in Fig. 1 . The relaxation dynamics are much slower below T s (%4-6 hrs) compared to less than a second above T s . The inset of Figs. 1(a) and 1(b) represent the static in heating cycle as a function of temperature for C18 and C22, respectively [9] . For static , the meniscus was equilibrated at T > T s for 2-3 h. The cell temperature was then changed in a cooling-heating cycle in steps of 0.2 K at 0:1 K= min and the data recorded after 10 min to ensure thermal equilibrium. The formation of the surfaceordered monolayer at T s is marked by a sharp change in the slope of . The difference in the static values for these two temperature conditions (data shown in Fig. 1 ) is small (<0:8 mN=m). There is no dramatic change in viscosity at T s and this slowing down cannot be explained by viscous effects. Therefore, the origin of the slowing down of the dynamics is due to formation of an ordered surface layer which results in a change in slope of surface tension [d=dT ¼ ÀðS s À S b Þ, where S s and S b are entropy of the surface and the bulk, respectively] at T s [9, 13] . The change in the sign of the slope indicates that the surface has a lower entropy than the bulk below T s .
The late-stage recovery of the contact angle determined using the Wilhelmy balance also exhibits some unusual power laws below T s [log-log plot for C18 and C22 in Figs. 2(a) and 2(b), respectively]. The values of t were calculated using the measured force after correcting for the buoyancy. The steady state advancing contact angle for a substrate moving with a velocity U is given by % w 0:33 , where w is the capillary number ¼ U= [1] and is the viscosity of the liquid. When we stop the motion of the wire, the advancing contact angle will relax with time to its equilibrium value which in the case of Pt wire is ¼ 0, or complete wetting. The time t ¼ 0 is defined when we stop the motion of the wire and the relaxation power laws we report here do not depend on the velocity or the immersion depth (discussed further in [11] ). The solid lines in Figs. 2(a) and 2(b) are the power-law fits to the data indicating the power-law dependence of t on t with exponent between À0:22 and À0:32. Using the no-slip boundary condition at air contact for T m < T < T s [14] , we obtain power-law exponent of À1:0 for triple contact line controlled and À0:5 for viscous dissipation in the wedge region dominated dynamics [1, 6, 11, 15] . The same power law is expected for surface melt phase, and the two limits have been shown to hold both theoretically and experimentally for PDMS [5, 6, 16, 17] and is clearly not observed for PA below T s .
We can rule out other possibilities that could influence the power-law exponent. For example, the power-law exponent cannot be due to broad polydisperse PA samples [9] . The arrows indicate T s for the respective polymers. The meniscus relaxes within the experimental time resolution of 1 sec at T > T s . In contrast, it relaxes over a period of 4-6 hr upon decreasing the temperature to T < T s .
FIG. 2.
t during the late-stage meniscus relaxation process as a function of time in a log-log plot. The values are calculated using the force data as described in the text. The data are plotted for relaxation with a Pt wire of C18 at 328.0 K (a), C22 at 342.7 K (b), C18-C22 blend with 2 wt. % bulk concentration of C22 at 339.7 K (c). We have also plotted the relaxation of C18 at 328.0 K in contact with a glass wire (d), and a PS-coated Pt wire (e). The relaxation of PDMS with a Pt wire at 298.0 K is shown in (f). The solid lines are the power-law fits (the error of the fits were AE0:01) to the data. used in these experiments. Experiments on broad polydisperse PDMS [PD ( $ 6)] shows a power-law exponent of % 0:5 as expected for viscous dissipation [ Fig. 2(f) ]. A similar power-law exponent was observed for glass wire [ Fig. 2(d) ] and PS-coated Pt wire [ Fig. 2(e) ] confirming that this is not due to substrate effects or spreading parameter. In addition, we have also measured PA blend of 2 wt. % C22 with C18 at temperatures above the T m of C22 but below T s [ Fig. 2(c) ]. In this blend, the surfaces are expected to be covered with ordered monolayer of C22 molecules below the T s transition temperature of C22 [18] . Not only do we observe the slowing down of the meniscus dynamics at T s corresponding to that of C22, but also the power-law exponent is similar to that of pure C18 or C22. All of these results confirm that we are observing here slowing down of dynamics unlike that which has been discussed before in the literature.
To understand the effect of a surface-ordered phase on dynamics, we have performed XPCS measurements on thin PA films of varying thickness supported on silicon wafers. XPCS is an excellent technique to study the dynamics of small-scale surface height fluctuations. We expect capillary wave fluctuations to dominate the dynamics of the precursor film, where the thicknesses of the film are expected to be in the range from 100-200 Å [1, 4, 19, 20] . For viscous liquids the slow capillary modes are strongly overdamped and the relaxation times () are determined by the viscosity, surface tension, film thickness, and the wave vector of the capillary waves [21] . The ratio of and thickness (h) is proportional to the product of wave vector (q k ) and h. The proportionality factor is related to the viscosity/surface tension. For thin films, there is an additional dependence due to van der Waals interactions and tethering of the chains with the substrate [11, 22] . Figures 3(a)-3(c) and 3(d)-3(f) show g 2 at q k ¼ 1:65 Â 10 À4 A À1 for 220 and 660 Å thick C18 films, respectively. The data are shown for bulk crystalline, surface-ordered, and surface-melt phases. The capillary waves are frozen below T m and the values of g 2 are constant as expected (speckle patterns are also provided in [11] ). The formation of the surface-ordered monolayer slows down the relaxation time of the capillary waves. The solid lines are fits using a single-exponential function to determine [23] .
The values as a function of q k for four different thicknesses above and below T s are shown in Fig. 4 . The data for thick films (660 and 900 Å films) above T s can be modeled using the viscous model and the solid lines correspond to a viscosity of 20 Pa s. This is in good agreement with the viscosity measured using a parallel plate rheometer ($20:6 Pa s). For thinner films (220 and 490 Å ) the values are higher than those predicted by the viscous model, due to adsorption of the chains on the substrate, and this effect is dominant when the thickness of the films are comparable to the radius of gyration of the polymer chains. The viscoelastic model which includes a shear modulus has been discussed before [22] . The data for thinner films can be fitted using the viscoelastic model and we obtain the shear modulus of 3-6 Pa and viscosity between 90-130 Pa s. We were unable to determine more exact values due to the small range of q k accessible with adequate signal-to-noise ratio.
In comparison, the surface fluctuations do not follow the viscous model, even for thicker films, below T s (at 327.2 K). The values determined using the viscous model with ¼ 24:3 Pa s and ¼ 28 mN=m are much lower than those measured experimentally. The deviation is even more striking for thinner films and the data cannot be modeled by the viscoelastic model with a shear modulus using the values determined above T s . The formation of a surface-ordered layer has dramatically slowed down the capillary fluctuations. In fact, formation of this 29 Å thick surface phase leads to the time independent g 2 at all q k for 220 Å thick film with values above unity [ Fig. 3(b) at q k ¼ 1:65 Â 10 À4
A À1 ]. This indicates that quasistatic speckle exists for long times, implying a very long relaxation time in this temperature regime. We have also measured capillary dynamics for 160 Å thin films and in that case, for both above and below T s , the values of g 2 are constant in the time scale accessible by XPCS (determined by the beam line stability, % 8000 sec ). Similar slowing down of dynamics for thin polystyrene films has also been observed before when the film thicknesses are comparable to the radius of gyration of the polymer chain [22] . For thicker films, below T s , we capture the slowing down of the relaxation times by using a bilayer viscous model with higher viscosity of the top layer [24] . However, the fits are unacceptable for high q k values. To explain the XPCS data, in addition to the higher viscosity of the top layer, we need to take into account the bending modulus of the surface-ordered layer. Buzza et al. [25] have taken into account the bending modulus of the surface surfactant layer. Sikharulidze et al. [26] have used the bulk bending modulus to explain their XPCS results for micron-thick smectic layers. However, none of these cases are for a rigid layer on top of a finite thickness liquid layer.
In summary, we have shown that the meniscus relaxation is slowed down dramatically after the formation of an ordered surface layer. The formation of a thin surfaceordered layer in the wedge region is not sufficient to slow down the dynamics. The power-law exponent for t vs t below T s [Figs. 2(a) and 2(b)] also does not match with the hypothesis that the wedge region or triple contact line is controlling the dynamics. Instead, we suggest that the meniscus relaxation is controlled by the motion of the 100-200 Å thick precursor film. This argument is supported by the XPCS data which unequivocally show that the formation of the surface-ordered layer considerably slows down the fluctuations of the capillary waves for films that are comparable to the thickness of the precursor films. We suggest that the bending rigidity and higher shear viscosity of the surface-ordered layer slows down the capillary fluctuations and the meniscus relaxation. The strong role of precursor film in controlling the meniscus dynamics is very intriguing considering that we expect only the spreading energy is burned in the precursor film [1] . The slowing down of wetting dynamics also has important commercial implications on the coatings of these polymers as release liners for pressure sensitive adhesives.
